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I. INTRODUCTION 
A. Ternary Superconductors - General Background 
Although the phenomenon of superconductivity was first discovered by 
Onnes seventy years ago and a beautiful theoretical foundation established 
by Bardeen, Cooper and Schrieffer^ as early as 1957, the field of ternary 
superconducting compounds is a relatively young one. A remarkable in­
crease of interest in ternary superconductors has occurred within just the 
past decade. 
Since the first discovery of the ternary superconductor 
2 Zr^ g-jRhp 285% 105 Matthias and coworkers, over thirty different 
3 
structures are known ternary superconductors; for example, the MMOgSg 
and MMogSeg Chevrel phases, MRh^B^, MRu^B^, MRuBg, MRu^Bg, NgPe^Sig, and 
MRu^P^g" I" every instance, "M" may be a variety of elements. Some gen­
eral features may be noted through the observation of these known ternary 
compounds: 1) the high crystallographic symmetry for most of the ternary 
compounds, 2) transition metals are a prominent constituent with one ex­
ception Ba(Pbg ygBig 25)^3» 3) a clustering ability of the transition 
metals evident in many of these systems. Thus, ternary superconductors 
often include two metallic elements plus one nonmetal from column IIIB, 
IVB, VB or VIB of the periodic table. The transition metal clusters in 
superconducting compounds are often an important crystallographic feature 
related to the superconducting properties; whereas, the nonmetal element 
may play a role in stabilizing the cluster. 
2 
One main motivation behind the research on ternary superconductors is 
the extra chemical "degree of freedom" which allows one to investigate the 
competition between superconductivity and long range magnetic order in a 
more controlled manner. This competition has so far resulted in two dis­
tinct types of behavior: reentrant superconductivity where superconduc­
tivity is followed at a lower temperature by a normal state at the onset 
temperature of ferromagnetism, or a coexistence state where superconduc­
tivity and antiferromagnetism or some other more complicated oscillatory 
magnetism exist simultaneously in the same material at the same tempera­
ture. The measurements of ac magnetic susceptibility Xgg and electrical 
resistance R on the primitive tetragonal ErRh^B^^ and Chevrel phase 
5 6 HoMogSg ' reveal a normal to superconducting state transition at T^-j, 
followed by the onset of a magnetic transition at T^ and then a transition 
back to normal state at T^g. In these two strictly ternary phases, the 
magnetic ions completely occupy their own unique sublattice. Their iso-
structural compounds RERh^B^^"^® and M^MOgSg or M^MOgSeg^^'^^ also show 
some unusual low-temperature superconducting and magnetic properties which 
have attracted the attention of experimental and theoretical solid state 
physicists. Since the discovery of these ternary phases, the interaction 
between superconductivity and long range magnetic order has generated re-
19 20 ?1 
newed interest from both theoretical ' and experimental standpoints. 
Reentrant superconductivity can be also induced by varying the tran­
sition metal or magnetic ion composition to alloy superconducting and 
magnetically ordered ternaries together to form an isostructural pseudo-
ternary solid solution such as the Ho(Rh^_^Ir^)4B4^^ or (H0i_^Lu^)Rh4B^^^'^^ 
3 
system. As the magnetic RE ions are distributed in.a periodic array 
throughout the lattice, magnetic order is usually long range in nature. 
So far, the detailed nature of the complex crystallography as related 
to the superconducting and magnetic properties is not well understood. 
From this point of view, the high ternary compounds provide an experi­
mental opportunity to explore the role of each element in a ternary super­
conducting system. 
B. Superconducting Ternary Borides 
During the last five years, numerous new ternary boride phases in­
volving rare earth elements have been discovered. One of the major 
reasons for the considerable interest in ternary borides is not only the 
complexity of boron chemistry which yields many ternary boride phases and 
extremely different low temperature properties, but also the occurrence of 
superconductivity in the presence of an ordered sublattice and a relative­
ly large concentration of magnetic rare earth ions. 
The initial interest in the study of ternary transition metal 
borides was stimulated by the discovery of the RERh^B^ compounds which 
have a primitive tetragonal CeCo^B^-type^ structure, and where M can be Y, 
Th or one of the rare earth (RE) elements from Nd to Lu.® With high 
superconducting transition temperatures (maximum up to T^=11.8K for 
LuRh^B^) and low concentration of rare earth elements, this crystallo-
graphic structure yields the occurrence of superconductivity prior to the 
onset of a magnetic transition for four magnetic rare earth (Nd, Sm, Er 
and Tm) ternary compounds. In the other four magnetic rare earth (Gd, 
4 
Tb, Dy and Ho) compounds, the early onset of magnetic ordering prevents 
the appearance of superconductivity. Within the framework of the RKKY 
exchange interaction, the coupling parameter, J, which measures the 
strength of the exchange scattering of the conduction electrons by the RE 
magnetic moments is found to be quite weak. Experimentally, this exchange 
coupling parameter J is approximately 0.02 eV-atom.^^"^® The co­
existence of superconductivity and antiferromagnetic order in SmRh^B^^® 
adds a new aspect in borides system. The possibility of coexistence of 
antiferromagnetic order and superconductivity is clearly shown. 
Following the CeCo^B^-type compounds, many different crystal struc­
ture types have been reported with an identical compo­
sition, where T is one of the transition metals Ru, Os, Co, Rh or Ir, and 
M can be Sc, Y, Th, U or one of the rare earth elements. The crystal 
structure types are more diverse than expected. A particular MT^B^ com­
pound has been found to be governed by the size of the M atoms. For 
example, the body-centered-tetragonal LuRu^B^-type structure occurs for 
all RE elements^^ except the largest rare earth metal La which forms the 
more open NdCo^B^r-type^®'^^ structure. 
Three different structural types of rare earth ternary borides were 
then found with the general formula MT^Bg; hexagonal 
type, monoclinic Erlr^Bg-type^^ and orthorhombic YOs^Bg-type.^^ Super­
conducting transition temperatures are not high for these compounds, with 
the maximum T^. of 6.OK for YOSgBg, and the long range indirect exchange 
interaction appears to be the dominating factor for the magnetic rare 
earth members. 
5 
Most recently, superconductivity was reported as high as lOK for the 
compound LuRuBg with an orthorhombic structure.This compound pos­
sesses the highest superconducting transition temperature for compounds 
with an orthorhombic structure. 
As the number and variety of known ternary superconducting phases 
increase, the need to discern any systematic behavior of the supercon­
ducting properties of these complex materials becomes more acute. Many of 
these boride-based phases offer the opportunity to study the fundamental 
physics of the interaction between superconductivity and magnetism. A 
great deal of recent research has been devoted to the pseudoternary boride 
s y s t e m  s u c h  a s  ( R E ] _ ^ R E ^ ) R h ^ B 4 , ^ ^ R E ( R h i _ j ^ R u ^ ) ^ B ^ ^ ^ a n d  
(Lu^_^Tm^)RuB2.^^ The explosion of information on the crystal!ographic 
and low temperature properties of pseudoternary systems will provide 
sufficient diversity and challenge to researchers in this field. 
Our interest is focused on the systematic investigation of the role 
of the transition metal and the rare-earth ion in the superconducting 
ternary borides by utilizing two high T^ ternary systems RERu^B^ and 
RERuBg. We also report on the pseudoternary systems Er(Rhi_^Ru^)4B4 and 
Y(Rhi_xRUx)^B^ and on the nonconventional dependence of T^ on transition 
metal concentration as well as the reentrant superconductivity of the 
system (Lui_^Er^)RuB2. 
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II. EXPERIMENTAL DETAILS 
A. Sample Preparation Techniques 
In most cases, arc-melting methods were used to synthesize the boride 
samples. The melting steps were performed on a water cooled copper hearth 
in a Zr-gettered argon arc furnace. The weight losses during arc melting 
were negligible (usually less than 0.2%). High purity elements were used 
for starting materials, with the purity and source listed in the appendix. 
The arc melting was usually followed by an annealing process which 
was a necessary step to ensure sample homogeneity. When carrying out the 
annealing process for borides, samples were first sealed in a tantalum 
tube under a partial pressure of argon to prevent the reaction of the 
sample and the quartz tube, then in a quartz tube with approximately 200 
millitorr argon. 
Special details of sample preparation procedures for different 
systems will be described in each chapter separately. 
B. Crystallographic Analysis of Samples 
X-ray powder diffraction data were obtained on a microcomputer con­
trolled RIGAKU powder diffractometer (CuK^ radiation) equipped with a 
diffracted-beam monochromator at a step scan rate of 0.01°/sec. The 
angular (28) position of each Bragg peak was determined after applying a 
15 point smoothing function to the raw data and was defined as the mid­
point of full peak width taken at half maximum peak intensity. These 2e 
values were then used to determine lattice parameters by the method of 
7 
least square refinement with appropriate extrapolation functions to 
eliminate systematic errors. The accuracy of the lattice parameters is 
approximately 0.1%. 
Low temperature lattice parameters were calculated from powder x-ray 
data which were obtained by mounting a powdered sample in an evacuated 
Displex cryogenic refrigerator (Air Products and Chemicals). A Chromel 
vs. gold-0.07 at % iron thermocouple was used to measure temperatures down 
to the lowest temperature attained, approximately 31K. 
Theoretical calculations for relative line intensities were performed 
by using the computer program "LAZY PULVERIX" with input data of lattice 
parameters, space group and atomic position for each atom. The Lorentz 
2 and polarization factors of the diffractometer, L = 1/sin ecose and P = 
1 + 1 / 2  c o s ^ 2 0 c o s ^ 2 6 ° ,  w h e r e  c o s ^ 2 6 ° a l l o w s  f o r  t h e  d i f f r a c t e d  b e a m  
graphite monochromator, were taken into account in this program. 
Single crystals used in this research were selected carefully from a 
broken sample ingot. The air-stable crystal was mounted on a glass fiber 
with epoxy, then placed on a computer-controlled four-circle automated 
diffractometer.^® Monochromated molybdenum radiation was applied 
throughout the data collection process (wavelength \ = 0.70954A). The 
data were corrected for Lorentz and polarization effects. Scattering 
factors used were those of Hanson et al.^^ with the metal atom scattering 
factors corrected for the real and imaginary effects due to anomalous dis-
48 persion. 
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C. Magnetic Susceptibility Measurements 
Superconducting (T^) or magnetic transition (T^j) temperatures were 
obtained from low frequency (~20Hz) ac magnetic susceptibility measure­
ments in the temperature range from 45K to I.IK. For superconducting 
transitions, 10%-90% transition widths were used to denote the ranges 
and the temperature at the midpoint of the transition was reported as 
critical temperature T^. For magnetic transitions, the temperature 
corresponding to the peak of Xgc was taken as T^. 
The temperatures in this rig were determined by a calibrated Ge 
thermometer. The accuracy of the transition temperature is within ±5mK 
over the temperature range 1-30K. Most samples were measured in powder 
form in order to remove the possibility of screening effects. The mag­
netic susceptibility data in the temperature range from 4.2K to 0.5K were 
3 taken in a He cryostat, 
D. Electrical Resistivity 
The conventional four-probe alternating current technique was used to 
measure the relative resistance of the sample with a phase sensitive lock-
in amplifier. The 0.002" diameter platinum leads were connected to the 
sample by spot-welding. The measurements were carried out as a function 
of temperature from 300K to the temperature just below the superconducting 
or magnetic transition. The rate of the change of temperature was kept 
slow enough by introducing 30 millitorr He exchange gas into the vacuum 
space between the sample and the helium bath so that the measurements 
taken on heating and cooling were almost coincident. Temperature was 
9 
monitored by a calibrated platinum thermometer in the 300K-30K temperature 
range and by a calibrated carbon glass thermometer in the temperature 
region below 30K. 
49 For thin homogeneous specimens, the van der Pauw relation was used 
to calculate the specific resistivity p at room temperature. Due to the 
anisotropic properties in resistance of the LuRuBg sample, perhaps caused 
by preferred crystallite orientation when quenching samples on the Cu 
hearth, a correction to the van der Pauw method was made and based on the 
50 
report of H. C. Montgomery. Room temperature specific resistivity for 
LuRuBg was determined by applying direct current from 0-50mA and measur­
ing direct voltage with a Keithley 181 nanovoltmeter in a four-lead 
attached, rectangular shape sample having dimensions approximately 0.5 mm 
X 1.5 mm X 0.7 mm. The slope of V-I curve was taken as the resistance. 
E. Upper Critical Field Determination 
For low temperature upper critical field measurements (H^g), a cali­
brated 1-Tesla superconducting magnet was mounted on the resistivity 
cryostat with the persistence switch in the liquid helium and operated in 
the temperature range from just above the sample's superconducting transi­
tion temperature to 1.8K. Various magnetic fields below 0.9 Tesla were 
applied for resistive measurements. In this report, the transition tem­
peratures in a given magnetic field were determined as the temperature at 
the midpoint of the resistive transition. 
The detailed circuit for applying magnetic field to the measured sam­
ple is shown in Figure 1. In order to obtain a 0.9 Tesla magnetic field. 
VOLTMETER HEATER 
POWER 
SUPPLY 
MAIN 
POWER 
SUPPLY 
—WV 
0.004a 
STANDARD 
RESISTOR S.C. 
COIL I— 
COIL 
VOLTAGE 
MONITOR 
PERSISTANCE 
SWITCH \/ 
'—AAA/ — 
RESISTOR 
BANK 
Figure 1. superconducting magnet for critical magnetic 
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an 18 ampere electrical current through the magnetic solenoid is required. 
A 0.004n standard resistor was connected for measuring this solenoid 
current. The diodes in parallel were designed to prevent the damage to 
the superconducting coil upon sudden loss of liquid helium. 
F. Low Temperature Heat Capacity 
3 A standard isolated heat-pulse type, He , semi-adiabatic low tempera­
ture calorimeter with a mechanical heat switch was used in this work at 
zero field. The heat capacity data were taken between 0.6K and 26K for a 
four-gram superconducting ingot of LuRuBg. Temperature was monitored with 
calibrated 6e thermometers while a heat pulse was applied by passing 
current through high resistance 0.001" diameter Pt-W wire heater wound on 
the gold plated copper sample holder. 
G. Refractory Properties and Melting Point 
Refractory properties and melting points were determined by simul­
taneously measuring the rates of effusion and ion intensities during in-
congruent vaporization from a Knudsen cell after the decomposition tem­
perature. 
The stoichiometric powder sample was placed in a tungsten liner in­
side a tungsten Knudsen effusion cell. The cylindrical effusion cell has 
a knife edge orifice in the bottom of the cell and a close fitting 
machined lid on the top. The liner was a semitoroid shape with a center 
hole at least twice as large in diameter as the largest orifice. The 
Knudsen effusion cell was placed in a tantalum bucket with a hole in the 
12 
bottom and suspended, orifice downward, in the simultaneous weight-loss-
mass-spectrometric apparatus. This apparatus consisted of a Cahn-RH 
balance, a Sylvania tungsten mesh resistance heating element and a U.T.I, 
1-400 AMU mass spectrometer. Weight loss was continuously monitored on a 
chart recorder. Simultaneously, the mass-spectrometer monitored the ion 
intensity of one or more species effusing from the cell orifice. The mass 
spectrometer was separated from the furnace by a shutter at the bottom of 
the heat shield area. Temperatures of 600K to 2610K were obtainable with 
less than 60 seconds needed to stabilize after a temperature change any­
where in the range. A W-Re thermocouple was used to monitor the tempera­
tures in the same temperature range. 
H. Microhardness Test 
For the microhardness experiments, a Wilson's "TUKON TESTER" was used 
with an applied load W = 1 kg. A DPH value (diamond pyramid hardness) is 
determined by forcing a square base diamond pyramid having an apex angle 
of 136° into the polished specimen under load and measuring the diagonals 
of the recovered indentations. The diamond pyramid hardness (DPH), one of 
the common units of microhardness, is defined as the load per unit area of 
surface contact in kilograms per square millimeter, as calculated from the 
average diagonal, as follows: 
npH = lo&d 
contact area of permanent identation 
2Wsin I" 
13 
where 
DPH = diamond pyramid hardness 
d = length of average diagonal in millimeters 
a = 136° apex angle 
W = load in kilograms 
Another useful expression of hardness is the Vickers hardness (H^). 
By definition = 0.2W/d^sin a transfer of DPH to is obtained by 
multiplying by a factor 0.116324, i.e., = 0.116324 x DPH. 
14 
III. SUPERCONDUCTIVITY AND MAGNETIC ORDER IN THE 
Er(Rh,_xRUx)4B4 SYSTEM 
A. Introduction 
The occurrence of superconductivity in metal-rich ternary boride 
systems is well established for a variety of crystallographic 
14 35 51 52 53 phases. » ' ' » Long range magnetic order has also been observed 
for those structures which include a rare earth element as one constitu­
ent. Many of the earliest studies focused on the effects on these super­
conducting and magnetic properties due to alloying on the rare earth 
24 37 42 54 55 
site. » » ' ' More recently, the influence of the transition metal 
atom has been considered with specific attention paid to the balance be-
16 22 23 tween superconductivity and long range magnetic order. ' ' This 
previous work was done on pseudoternary compounds with the primitive 
8 9 tetragonal CeCo^B^-type structure ' and always involved substitution of 
isoelectronic Ir for Rh on the transition metal site. Analogous to the 
interchange of isoelectronic tri valent rare earths on the third atomic 
site, this transition metal substitution resulted in large changes in the 
superconducting properties with no overt shift in electron concentration. 
The first report^^ of the bet LuRu^B^-type structure indicated an 
even greater flexibility on the transition metal site which permitted 
alloying Rh (e/a=9) for Ru (e/a=8) in almost complete solid solution on 
the transition metal sublattice. The present study on the bet 
E'^(Rhi-^Ru^)4B4 system was motivated by a number of experimental results 
in ErT^B^ systems; the foremost one being the contrast between relatively 
15 
high superconductivity in a Rh-rich (x=0.15) composition and long 
range magnetic order in ErRu^B^J^ Additionally, for the primitive 
tetragonal ErfRh^^Ir^j^B^ compounds, a rapid depression of near x = 
0.50 was reported.The transition metal tetrahedral clusters are con­
nected into a linear chain network for these compounds, which differs only 
slightly from zig-zag chains of tetrahedra in the bet compounds. There-
1 2 fore, a comparison between the two pseudoternary Er(T T systems would 
provide information on the importance of (i) the specific electronic 
nature of the transition metal, (ii) the integrity of an individual 
tetrahedral cluster and (iii) the intercluster uniformity of transition 
metal atoms along one chain. 
B. Sample Preparation 
Two different processes were employed to synthesize the samples used 
in this study. Method 1 consisted of three separate steps. First, the 
Rh:Ru ratio was fixed by melting the appropriate amounts of these elements 
together into one ingot. Secondly, the correct mass of boron was care­
fully melted into this ingot followed by the final step of arc melting in a 
stoichiometric amount of Er. The final product was remelted several times 
to promote homogeneity. This method was successful for all samples except 
those with compositions 0.40 < x < 0.75. In this midrange of composi­
tions, we observed a lack of self-consistency in susceptibility data from 
one set of samples to the next when prepared by Method 1. This effect is 
discussed in detail in Section D of this chapter and is probably due to a 
miscibility gap in the Rh-Ru binary phase diagram.Therefore, Method 2 
16 
was employed to synthesize these midrange composition samples. This 
method consisted of first making two samples via Method 1; one with x < 
0.40 and a second with x ^ 0.80. These homogeneous compounds were then 
combined in correct proportion to produce the desired ternary boride. 
The only impurity phase present in specimens prepared by Method 2 was an 
extremely small amount {<3%) of RhB. Additionally, for some of the high 
Rh concentration samples, x-ray data indicated the presence of a few per­
cent of an unidentified ternary phase. (Also see Chapter VI Metallography). 
C. Structure and Crystallographic Determination 
J o h n s t o n f i r s t  e s t a b l i s h e d  t h e  e x i s t e n c e  o f  t h i s  n e w  s y s t e m  o f  
ternary ruthenium borides with composition MRu^B^, where M is either Y, 
Th or one of lanthanides except La. From x-ray studies, the compounds 
may be indexed as a body-centered tetragonal structure belonging to the space 
20 group I4^/acd(D^^). The number of formula units of MRu^B^ per unit cell 
3 
was found to be Z = 8 with the measured density approximately 10 gm/cm . 
A projection of the ideal metal-atom substructure of LuRu^B^ onto [100] is 
shown in Figure 2. A slightly distorted face-centered-cubic sublattice 
formed by Lu atoms is evident from Figure 2. A three-dimensional view 
along z-axis is shown in Figure 3, where the two zig-zag chains of Ru 
tetrahedra clusters coupled to each other via boron dimers are evident. 
The room temperature lattice parameters in the ErfRh^^Ru^j^Bg 
system determined by powder x-ray diffraction vary in a smooth, linear 
fashion consistent with Vegaard's Law. These parameters are shown in 
Figure 4 along with the c/a ratios and unit cell volumes. From our calcu-
17 
X « 1/2 
O  X ' O  
X = 5/8 
X >3/8 
X » 1/8 
L 
J)—"-x 
X "1/8 
Figure 2. Projection of Lu- and ideal Ru-sublattices onto [100] in the 
structure for bet LURU4B4. Lines are drawn to indicate the Ru 
tetrahedra and the linking of these tetrahedra through Ru-Ru 
bonds into zig-zag chains in the Y-Z plane. Similar 
linking occurs in the X-Z plane. Also shown is one of the 
pairs of boron atoms which further couple the tetrahedra 
chains. 14 
5 
Figure 3. One-half of the unit cell of ErRu^B^. The X-axis is directed up the page, the Y-axis 
across the page from left to right and the Z-axis into the paper. Two zig-zag chains of 
Ru tetrahedra, coupled to each other via boron dimers are evident. The ruthenium atoms 
are labeled by 1 through 8 while Roman numerals I, II, III are used for boron atoms. 
19 
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Figure 4. Body-centered tetragonal lattice parameters, c/a ratios and 
unit cell volumes for the system Er(Rhi_xRux)4B4 plotted 
versus transition metal concentration. Error bars represent 
the uncertainty in determining the lattice parameters from 
powder x-ray data. 
20 
lations of the lattice parameters, we observe that the value of the c 
parameter is extremely sensitive to accurate determination of the 28 
values of the Bragg peaks. 
D. Superconductivity and Magnetic Order 
All critical temperatures, both superconducting and magnetic, were 
determined by low frequency ac magnetic susceptibility measurements. In 
3 
order to obtain data below I.IK, the samples were placed in a He cryostat. 
The importance of the transition metal clusters to the occurrence of 
superconductivity and long range magnetic order in the various ternary 
boride phases is well accepted; however, a detailed understanding of their 
role is far from complete. The effects of elemental substitution on the 
transition metal site have been published for only three ternary boride 
systems, all possessing the primitive tetragonal CeCo^B^-type struc-
16 22 23 ture. ' ' The superconducting and magnetic transition temperatures 
shown in Figure 5 represent the first results of a parallel study on a 
body-centered tetragonal LuRu^B^-type system. Two features stand out as 
most noteworthy in these data. First, T^ remains essentially insensitive 
to increasing Ru concentration over the range 0.05 i x <_ 0.40. This 
plateau is followed by an abrupt and drastic decrease in T^ over a rela­
tively narrow concentration range until a critical concentration x^^ = 
0.50 is attained. Superconducting transitions are considerably broader in 
this region reflecting the sensitive composition dependence of T^ near 
^cr* superconductivity is observed for higher Ru concentrations and in 
fact magnetic order is the dominant collective phenomenon for .50_<x£l.0. 
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Figure 5. Superconducting (#,Tc) and magnetic (0,!^) critical tempera­
tures for the system Er(Rhi_xRux)4B4 plotted versus transition 
metal concentration. Error bars on indicate the width of 
the transition into the superconducting state. The symbol 
indicates a transition to an ordered magnetic state had begun, 
but was not completed upon reaching a minimum temperature of 
0.5K. 
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This leads to the second feature of this system, namely that super­
conductivity and long range magnetic order do not coexist for any of 
these samples. It should be emphasized that the onset of magnetic order 
is evident in all samples with x ^0.50, but this ordering is not complete 
above 0.5K for some of the compounds. We found the value of x^^ varied 
between approximately 0.50 and 0.57 depending on the method of sample 
preparation. Use of Method 2 described earlier always resulted in self-
consistent, reproducible results and these data are shown in Figure 5. 
In contrast, a sample with x = 0.50 prepared by Method 1 could show either 
superconductivity or magnetic order depending on the degree of composi­
tional, homogeneity. While the room temperature lattice parameters behave 
in linear fashion over the transition metal concentration, the nature of 
low temperature state changes from superconducting to magnetic. 
It is interesting to note that c/a crosses the value 2.00 at a con­
centration approximately equal to x^^. This crystallographic fact was 
already mentioned for the system and we have independent­
ly verified this behavior. For c/a = 2.00, the Er atoms constitute an 
undistorted face-centered cubic sublattice and we observe that for this 
value of c/a, both T^ and T^ attain their minimum values. 
E. Electrical Resistivity 
The electrical conductivity of a metal varies with the metal's 
temperature in a characteristic manner. This variation is usually dis­
cussed in terms of the behavior of the resistivity p vs. T. Resistivity 
may be defined in terms of a collision time T as follows: 
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1 (3.1) 
Ne^ ^ 
where e is the basic unit of charge on an electron, m* is the effective 
mass of the electron in a metal, N the conduction electron concentration 
and T the scattering time. From the interpretation of T, resistivity is 
actually proportional to the probability per unit time of the electron 
suffering a scattering event. The electron undergoes a collision only 
because the lattice is not perfect. One can group the deviation from a 
perfect lattice into two classes: (i) lattice vibrations (phonons), (ii) 
all static imperfections such as foreign impurities or crystal defects. 
By Matthiessen rule, the resistivity can be split into two independent 
parts: 
P = Pi + Pph (3.2) 
where is due to scattering by impurities and by phonons. The term 
Pj is called residual resistivity which is independent of T, while the 
other term p^^ is temperature dependent. At very low temperatures, 
scattering by phonons is negligible because the amplitudes of oscillation 
are very small, hence p = p^. The usual test for the purity of a metal 
is that it has a low residual resistivity, or equivalently, a high re-
sidual resistance ratio (RRR = 
The electrical resistivities for three selected samples with composi­
tion X = 0.05, 0.50 and 1.00 are shown in Figure 6. A careful observation 
of the superconducting sample Er(RhQ ggRUg 05U®4^^c ~ 7'?^) reveals the 
following features: i) an intermediate value of RRR = 2.5 indicating some 
impurity or disorder scattering in this crystal, (ii) negative curvature 
X=0.5 
0.8 
0.2 
0.06 
T(K) 
0 250 300 50 100 150 200 
TEMPERATURE (K) 
Figure 6. The relative resistivities for three selected samples in the Er(Rh-i_xRUx)4B4 pseudoternary 
system. The inset shows the linear behavior in relative resistivity for the ErRu^B^ sam­
ple at very low temperature near the magnetic transition, T^ = 2.IK. 
to p{T) as found in high A-15 c o m p o u n d s .^^"^3 on the other hand, an 
extremely low RRR value (RRR = 1.25) and no negative curvature were ob­
served for the sample ErfRhg ^RUq 5)46^. With c/a = 2, this 50% concen­
tration sample possesses the maximum transition metal sublattice disorder 
which may account for the almost flat p vs. T curve. For the only 
simple ternary compound ErRu^B^, a larger RRR value of -12 is obtained. 
This reflects the reduction in scattering off a completely ordered transi­
tion metal sublattice. The inset in Figure 6 displays the decrease in the 
spin-disorder scattering for ErRu^B^ which occurs below the magnetic 
ordering temperature, T^ = 2.IK. 
F. Discussion and Conclusion 
The role of the transition metal sublattice in these ternary com­
pounds is more easily discussed with reference to the crystal structure 
shown in Figure 3. Many of the structural features are similar to the 
primitive tetragonal Rh-borides. For example, the transition metal 
tetrahedra and boron dimer building blocks are similar in both structures; 
however, the presence of zig-zag chains of tetrahedra is different from 
the linear chains in the Rh-borides. A common feature among three primi­
tive tetragonal systems, REfRh^^Ir^X^B^, RE = Dy,Ho,Er,and two 
bet systems M(Rhi_^Ru^)4B^, M = Er,Y, is the precipitous decline in T^ at 
Xcr ~ 0.50. The uniformity of this feature is remarkable when one con­
siders it occurs under a wide variety of conditions, namely: (i) in 
systems where magnetic ions and magnetic order are present, (ii) in sys­
tems with no magnetic constituents, (iii) for two distinct crystal struc­
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tures, (iv) in systems where the electron concentration of the transition 
metal is constant (Rh, Ir) and (v) in systems where a change in electron 
concentration occurs (Rh, Ru). Because = 0.50 and two distinct chains 
of transition metal tetrahedra exist in both crystal structures, it is 
tempting to associate this rapid decline in with the disruption of the 
last coherent tetrahedral chain of Rh atoms. In any event, the widespread 
occurrence of this effect argues for a general driving mechanism. Re­
cently, Maekawa and coworkers were successful in describing the low tem­
perature phase diagrams of the (Er,Tm)Rh^B^ and (Er,Ho)Rh^B^ systems by 
including local crystalline electric field effects.we note that for 
both crystal structures the rare earth has a nearest neighbor environment 
consisting of 12 transition metal atoms. Perhaps this factor is also in­
fluential in determining the value of x^^ for these systems. 
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IV. SUPERCONDUCTING PSEUDOTERNARY COMPOUNDS Y(Rh^_^Ru^)4B4 
A. Introduction 
The low temperature phase diagram for ErfRh^^Ru^XqB^ shown in 
Figure 5 provides no evidence of coexistence or reentrant superconduc­
tivity in these samples, but rather a competition between these two states 
as the transition metal concentration is varied in zero magnetic field. 
Studies of the variation of the superconducting transition temperature 
(T^) with composition for two pseudoternary systems RE(Rhi_^Ru^)^B^®^'®® 
with RE = Ho or Dy have been reported and have a remarkably similar 
composition dependence of T^ as the Er-system reported in the previous 
chapter. That is, T^ remains essentially insensitive to Ru concentration 
over the range 0.05 £ x £ 0.40, then the plateau in T^ versus concentra­
tion is followed by an abrupt and drastic decrease in T^ over a very 
narrow critical concentration range. In these studies, the possibility 
exists of reentrant superconductivity for some samples in the Dy-system 
at zero field and in Ho- and Er-system at high field. 
Therefore, in order to investigate the peculiar phenomenon of this 
sudden, drastic depression in T^, samples in the isostructural system 
Y(Rhi_j^RUx)4B^ were synthesized and studied by single crystal x-ray dif­
fraction, microhardness determination and magnetic susceptibility meas­
urements. The yttrium system was chosen to avoid possible complications 
due to a magnetic rare earth, as well as to prevent the superposition of 
rare earth and boron peaks in the Auger spectra. Single-crystal x-ray 
diffraction data presented in this chapter permit an analysis of the 
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bonding and charge transfer over the whole transition metal concentration 
range. Evidence for the existence of charge transfer and a relation 
between electronic distribution and the superconducting properties have 
already been presented for another class of high ternary supercon­
ductors, the Chevrel phase compounds. 
B. Sample Preparation 
Two differently synthesized groups of samples were prepared for this 
study. Group 1 sample synthesis consisted of three steps. Initially, the 
Rh:Ru ratio was fixed by melting the appropriate amount of these two ele­
ments together into one ingot. Then, the correct mass of boron was care­
fully melted into this ingot, followed by the final step of melting in a 
stoichiometric amount of Y. Microhardness, single crystal diffraction 
data and ac susceptibility measurements were performed on these samples. 
Samples of group 2 were synthesized following these same three steps, but 
in addition were annealed in an argon atmosphere in a sealed tantalum tube 
according to the schedule; 2.5 days at 1200°C, 2 days at 1000°C and 3 
days at 800*C. This second group of samples was then powdered for 
measurements to provide a check on the T^ versus composition dependence. 
Powder x-ray diffraction data for all samples in both groups indicated 
tha t  the  impur i t y  phase  con ten t  was  less  than  5 % .  
C. Superconductivity 
There are two significant features in the phase diagram shown in 
Figure 7 obtained by ac susceptibility measurements on samples in ascast. 
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Figure 7. Superconducting critical temperatures for group 1 («Je) and 
for group 2 (oj^) samples in the system Y(Rh-|.xRUx)4B4 plotted 
versus transition metal concentration. The error bars on Tq 
indicate the width of the transition into the superconducting 
state. The symbol _v_ indicates no superconducting state was 
found and ? or ? indicates a transition to the superconducting 
state had begun, but was not completed. 
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ingot form (group 1). Superconducting transition is designated by» or J 
for complete and Ç for incomplete transitions. First, we observe a 
plateau in versus composition over the Ru concentration range 0.1 < x 
< 0,45, followed by a rapid depression in over a rather narrow range 
with = 0.55. This value of x^^ is comparable to the x^^ = 0.5 for the 
Er(Rhi_xRu^)4B^^^ system in the last chapter and consistent with the re­
sults reported by Johnston®® whose samples were also arc melted ingots. 
For the samples with concentration higher than x = 0.65, no superconduc­
tivity was detected down to T = I.IK except for the x = 1.0 sample with 
= 1.42K. Since the magnetic rare-earth element Er was replaced by 
nonmagnetic Y, it is not surprising that superconductivity occurs at the 
Ru-rich side in Y-system rather than the magnetic order observed in the 
Er-system. 
The superconducting transition temperatures of the annealed (group 2) 
samples are also presented in Figure 7. Powdered samples as opposed to 
ingots were used to determine T^ in the ac susceptibility measurements. 
The differences between the data from group 1 and 2 are apparent. The 
transition widths are broader and the resulting critical concentration 
Xcr : 0.35 is much lower than observed for the ingots. A possible expla­
nation is that T^ ~ 9K material exists only for x < 0.35 and the high T^ 
of the ingots with 0.35 < x < 0.55 is due to screening of the bulk of the 
sample by a small amount of material with x < 0.35. Certainly, the smooth 
variation of lattice parameters obtained by single crystal diffraction for 
group 1 samples shown in Figure 8 indicates the presence of a continuous 
bet phase field for 0.15 £ x 5 1.0. A second explanation is that the 
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Figure 8. Body-centered tetragonal lattice parameters, c/a ratio and unit 
cell volumes for the system Y(Rhi_vRUx)4B4 plotted versus 
transition metal concentration. The size of the dots repre­
sents the uncertainty in determining the lattice parameters 
from single crystal x-ray diffraction data. 
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pulverizing process could introduce strains into the lattice, resulting in 
the observed broadening of the transition into the superconducting state. 
Although the superconducting properties change sharply with transi­
tion metal concentration, the room temperature single crystal lattice 
parameters also vary smoothly and linearly, consistent with Vegaard's law. 
Lattice parameters, c/a ratio and unit cell volume are shown in Figure 8. 
The linear behavior of these data is similar to that in the Er-system. 
It may be important to note that c/a = 2 at the same concentration as in 
the Er-system; however, for our samples, no relation between the c/a ratio 
and can be ascertained. We also note that the lattice parameters ob­
tained from powder x-ray diffraction for Er-system in the last chapter 
have a much greater uncertainty. 
Low temperature powder x-ray data were also taken for the x = 0.15, 
0.65 and 1.00 samples in order to check for a possible crystallographic 
transformation. We found that the room temperature structure was retained 
to temperatures as low as 31K. 
D. Single Crystal Data 
Single crystals selected from group 1 ingots for accurate lattice 
constants and atomic positional parameters determination were rec­
tangular in shape with approximate dimensions of 0.5 mm x 0.5 mm x 
0.5 mm. The positional parameters and temperature factors were refined to 
yield R values from 3.2% to 7.0%. The interatomic distances were calcu­
lated using the refined metal atom positions and symmetries of the space 
group 14^/acd (No. 142). 
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The single crystal structural data for Y(Rh^compounds at 
room temperature are listed in Table 1. For 3 single crystals, we col­
lected 2 unique sets of diffraction data. Results from both sets are 
given in Table 1 and are indicative of the self-consistency of the 
methods. 
The interatomic distances in these ternary compounds are more easily 
discussed by reference to the crystal structure shown in Figure 3 with the 
identification number on each atom related to our discussion, and the Y 
atoms occupying the same positions as the Er atoms in this figure. In 
order to focus on the role of the transition metal clusters, we label the 
ruthenium atoms 1 through 8 while Roman numerals I, II, III are used for 
the boron atoms. From single crystal x-ray diffraction data, the inter-
cluster and intracluster Ru-Ru distances display the very interesting 
results shown in Figure 9. We observe that all the Ru-Ru distances for 
Ru-atoms within the same tetrahedral cluster (* and#) decrease linearly 
with increasing x until a minimum at x = 0.80 is reached. At this concen­
tration, the sample remained in the normal state down to I.IK. These 
intracluster distances then increase slightly with increasing x between 
X = 0.80 and x = 1.00. In contrast, the intercluster Ru-Ru distance (A) 
between two clusters in the same zig-zag chain increases linearly with 
increasing x, attaining a maximum at x = 0.80. Upon further increasing x, 
this distance decreases. From this observation, it is apparent that the 
size of the Ru tetrahedral cluster and the degree of distortion are very 
sensitive to the concentration x. Comparing what we obtained from this 
figure with the T^ versus composition phase diagrams, one observes that as 
X increases from 0.15 to 0.80 the Ru tetrahedral cluster contracts, the 
Table 1. Structural data for Y(Rh, Ru ).B. compounds at room temperature; standard deviations are 
in parentheses ^ ^ ^ 
Sample 
Y Rh/Ru B 
R X y z X y z X y z 
Y(Rh ggRu 15)484 0 0.25 0.125 0.1169(2) 0.4000(2) 0.4383(1) 0.827(2) 0.107(2) 0.957(1) 0. 045 
0 0.25 0.125 0.1167(2) 0.4009(2) 0.4384(1) 0.823(3) 0.112(2) 0.957(1) 0. 049 
Y(Rh ggRu 35)484 0 0.25 0.125 0.1157(1) 0.3995(1) 0.4381(1) 0.829(2) 0.103(2) 0.956(1) 0.042 
Y(Rh soRu 50)484 0 0.25 0.125 0.1147(1) 0.3990(1) 0.4375(1) 0.832(2) 0.104(2) 0.959(1) 0 039 
Y{Rh 35RU 65)484 0 0.25 0.125 0.1145(2) 0.3984(2) 0.4372(1) 0.833(2) 0.105(2) 0.956(1) 0 .059 
0 0.25 0.125 0.1143(1) 0.3985(1) 0.4371(1) 0.836(2) 0.107(1) 0.957(1) 0 .032 
Y(Rh_2oR" 80)484 0 0.25 0.125 0.1145(2) 0.3983(2) 0.4369(1) 0.832(2) 0.104(2) 0.958(1) 0 .055 
0 0.25 0.125 0.1145(2) 0.3983(2) 0.4369(1) 0.833(3) 0.105(2) 0.957(1) 0 .057 
YRU4B4 0 0.25 0.125 0.1154(2) 0.3983(2) 0.4369(1) 0.834(3) 0.105(2) 0.957(1) 0 .070 
W 
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Figure 9. The Ru-Ru interatomic distances for the system Y(Rh]_xRUx)4B4 
plotted versus transition metal concentration. Two data 
points for the same concentration represent results from the 
same single crystal with different kinds of scans. Subscripts 
refer to the labeling scheme presented in Figure 3. 
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intercluster distance increases and the superconducting properties change 
from a high plateau to a region with no above I.IK. As x increases 
from 0.80 to 1.0 the cluster expands, and the distance between two clus­
ters decreases and superconductivity appears again at x = 1.0. Therefore, 
the occurrence of the superconducting state correlates with shorter inter-
cluster metal-metal distances. 
The interatomic distances involving boron are shown in Figures 10 and 
11 and have relatively large error bars. This is due to the greater un­
certainly in determining the boron position due to boron's weak scattering 
of x-rays. Several efforts were made to improve the B positional parame­
ters; anisotropic factors, temperature factors and different curvatures in 
electron density difference maps were all tried. However, the scattering 
factors of B atom are too weak to improve upon the standard deviations 
listed in Table 1. Taking this large uncertainty into account, the dis­
tance between boron pairs is a linearly increasing function of Ru concen­
tration X. This result on samples with 6 different compositions in this 
paper differs from the data on 5 samples published by Yvon and coworker®® 
and analyzed by Johnston.68 Close inspection of these earlier data indi­
cates only one composition with anomalous positional parameters (x = 0.50) 
is predominantly responsible for a nonlinear behavior of the B-B pair 
distances as a function of x. Examining the nearly horizontal functions 
of the interchain distance Ruy - Bjjj and Ru^ " indicates that the 
substitution of Rh by Ru does not alter the interaction status between the 
atoms in two different zig-zag chains. 
37 
B-B 
INTERATOMIC DISTANCES 
1.80 
1.75 
1.70 
1.65 
- Ruy- Bm 
INTERATOMIC DISTANCES 
2.25 
220 
d4]i[(Â) 
2.25 
2.20 
0.4 0.6 
X 
0.8 0.2 
Figure 10. The Bj-Bn, Ruv-Bju and Rug-Bii; interatomic distances for 
the system Y(Rni_xRux)4B4 plotted versus transition metal con­
centration. The error bars represent the standard deviation, 
for measuring these distances. Subscripts refer to the label­
ing scheme presented in Figure 3. 
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Figure 11. The Ru-]-Bi.Rus-Bj and RU4-B1 interatomic distances for the 
system Y(Rhi_xRux)4B4 plotted versus transition metal con­
centration. The error bars indicate the standard deviations 
for measuring these distances. Subscripts refer to the label­
ing scheme presented in Figure 3. 
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E. Melting Temperature and Microhardness 
Boron is one of the very few elements that can be used as a neutron 
absorber material in fission reactions. A number of refractory boron com­
pounds have been used extensively in nuclear application.^^ Other addi­
tional attractive features make transition metal borides an important 
subject for technical as well as scientific study. They possess high 
melting points and high hardness values. The fascinating low temperature 
properties further recommend the Y(Rhi_j^Ru^)^B^ system for study in 
melting temperature and microhardness. 
A refractory test on a YfRhg gRUg 5)46^ sample showed no gaseous 
species coming off a stoichiometric powdered specimen before the entire 
material decomposed at T » 1670°C. A similar test on pure YRu^B^ revealed 
no change in the sample up to 1600°C. The refractory nature of the system 
^^'^^l-x'^"xU^4 SGems similar to other transition metal borides. 
Another important property possessed by many metal-boron compounds is 
a high microhardness value. The microhardness for six selected samples in 
^(^^l-x^^x^A^A system is shown in Figure 12 with hardness measured in the 
DPH (Diamond pyramid hardness) scale. A maximum hardness appears at the 
composition x = 0.50 where c/a = 2 yielding a higher rare earth sublattice 
symmetry. A basic analysis may be used to relate, at least semiquantita-
tively, microhardness to a Debye temperature of the solid. 
Consider the enthalpy required for the removal of atoms from their 
sites upon indentation of a hardness test. For ion pairs in ionic solids 
71-7R 
such as alkali-halides, " this enthalpy is given by 
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Figure 12. Microhardness vs. transition metal concentration for the 
system Y(Rh]_xRux)4B4. The error bars indicate the uncer­
tainty during the measurements. 
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where "a" is the lattice constant in Angstroms and represents the 
Vickers hardness value (kg/mm ) for alkali halides with the NaCl struc­
ture. This expression undoubtedly becomes more complex when applied to 
materials with more complex crystal structures and metallic bonding; how­
ever, to a rough approximation the simple proportionality between h^ and 
3 
a Hy is retained. Thus, the relationship may be written as follows with 
3 
a replaced by V, the volume of one unit cell: 
hs = c, VH, = CgVHgpH (4.2) 
when and Cg are different constants of proportionality. 
Utilizing Sastry's and Mulimani's relation 
"s ' (4.31 
where is constant of proportionality, 0^ is Debye temperature in K, M 
3 is the molecular weight in grams and is the molar volume in cm , yields 
a semiquantitative expression relating microhardness and e^, 
Hy = C, (4.4) 
with being the constant of proportionality. 
From the data of Figure 12, we expect a maximum Debye temperature for 
sample with x = 0.50. This could be verified by low temperature heat 
capacity experiments for example. 
. F. Discussion and Conclusion 
Even without the influence of a magnetic rare earth ion, an unusual 
behavior of T^ with composition is observed in the YfRh^^Ru^j^B^ system. 
Although the high T^ plateau is followed by an abrupt drop as x increases 
42 
to X = 0.40 for the Y, Er, Dy and Ho system, it is obvious that the de­
pression in Tg is not caused by the magnetic ions. From the low tempera­
ture heat capacity data of samples in the Dy(Rhi_^Ru^)^B^ system®^ and the 
upper critical field experiments on the Ho(Rhi_^Ru^)^B^®^ system, one 
cannot exclude the possibility of reentrant superconductivity for the 
general RE(Rhi_^Ru^)^B^ systems, although the reentrant phenomenon has not 
been observed in Er-system ?.t zero field down to I.IK. 
The systematic interatomic distance data indicate the importance of 
transition metal clusters for the occurrence of superconductivity. The 
contraction of the cluster and the increase in the intercluster metal-
metal distance as the Ru concentration increases may be related to the 
abrupt depression of T^. Single crystal data for the sample with the 
composition x = 0.30 would be useful in this regard. 
Due to the complex crystallographic bonding in these ternary com­
pounds, an abrupt composition-induced redistribution of electron density 
could occur between boron dimers and the transition metal sublattice. 
This has been suggested by Johnston.However, from our single 
crystal x-ray results, we found no direct evidence to support this. The 
experimental uncertainty in boron position is large and experimental 
methods which probe the local electronic density such as Auger spectrosco­
py might prove more definitive. 
The maximum microhardness at x = 0.50 may be related to the degree of 
disorder in the structure. From the resistivity measurements, the x = 
0.50 sample has the lowest residual resistivity ratio; thus, it has the 
highest degree of disorder scattering. Another crystallographic feature 
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occurs at the x = 0.50 sample, namely c/a = 2 and the Y sublattice takes 
on fee symmetry. It would be informative to study the Y(Rhi_^Irj^)^B^ 
system with single crystal x-ray diffraction to search for any super­
structure formation on the transition metal sublattice at x=0.50. 
44 
V. LuRuBg ORTHORHOMBIC STRUCTURE AND THE 
PSEUDOTERNARY SYSTEM (Lu^_j^Er^)RuB2 
A. Introduction 
Recently, new superconducting ternary borides MTBg.^G where M is Sc, 
Y or Lu and T is the transition metal Ru or Os with a superconducting 
transition temperature range from 1.3K for ScOsBg to 10.OK for LuRuBg have 
been reported with an orthorhombic structure. The isostructural, mag­
netically ordered compounds with M = Tb, Dy, Ho, Er or Tm have magnetic 
transition temperatures from 2K to 46K. The suitably high superconducting 
transition temperature 10.OK for LuRuBg provides a good opportunity for a 
systematic study of the questions of reentrant and coexistent supercon­
ductivity. Low temperature studies on one of the isomorphic pseudoternary 
system, (Tm^_^Lu^)RuB2, have been reported with reentrant superconductivity 
occurring between rare-earth concentration x = 0.52 and x = 0.68.^® The 
absence of coexistence between superconductivity and long range magnetic 
order in this system suggested a ferromagnetic-like nature of the magnetic 
state.76 Similar to the borides with 1:4:4 composition ratios, boron 
pairs also appear in this structure. With the lower transition metal con­
centration, one obtains some crystallographic features of the LuRuBg struc­
ture which are not present in the MT^B^ structures: (i) the absence of 
transition metal clusters, (ii) the long distance between Ru atoms (3.03Â), 
(iii) the short (3.10A) Lu-Lu intraplanar bonds. This short RE-RE distance 
and the possibility for direct coupling between rare-earth atoms motivated 
this investigation into the strength of the pair breaking interaction in 
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the (LUi_j^Er^)RuB2 system. Additionally, ErRuBg was found in this study to 
exhibit two distinct magnetic ordering temperatures, 10.OK and 5.3K, rather 
than the previously reported single transition at 5.21K.^^ This difference 
attracted our attention to the relation between two transitions and the 
3+ 
effect of the Er ion in the LuRuBg structure; therefore, the pseudo-
ternary system (Lui_j^Er^)RuB2 was studied in its entirety. 
To further characterize these materials, the resistivity data, upper 
critical field determination and heat capacity measurements are also in­
cluded in order to clearly define the electronic properties. Various 
superconducting and normal state parameters may be derived from these 
data. 
B. Sample Preparation 
With the exception of the LuRuBg samples used in the low temperature 
heat capacity measurements, all the other measurements are performed on an 
identical sample for selected rare-earth metal concentration. All samples 
were synthesized in the same manner. The rare earth elements were arc-
melted together to form a master ingot of LuEr as a starting material for 
synthesis of the pseudoternaries (Lu^xEr^lRuBg. Next, the correct amount 
of boron was arc-melted into the ruthenium ingot. Then the appropriate 
ratio of starting material LuEr, pure rare-earth element (either Lu or Er) 
and RuBg was fixed by arc-melting them into one ingot. The final product 
was melted several time to promote homogeneity. Finally, the samples were 
sealed in a Ta tube with an argon atmosphere, then sealed in a quartz tube 
and annealed according to the time schedule: 2 days at 1250°C, 2-3 weeks 
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at 1000°C, then a fast quench in water to room temperature. Powder x-ray 
data showed that the annealed samples had a small amount of unidentified 
impurity phase (less than 5%). 
C. Structure 
The crystal structure of LuRuBg was first established by Shelton.and 
coworkers in 1980^^ with the general formula MTBg for M = Se, Y, Tb, Dy, 
Ho, Er, Tm, Lu and T = Ru, Os. From single crystal x-ray data, the com­
pound was indexed as an orthorhombic structure belonging to the space 
group Pnma (No. 62). The number of formula units of MTBg per unit cell 
3 
was found to be Z = 4 with the measured density approximately 10.27 gm/cm 
for LuRuBg. A three-dimensional view approximately along the y-axis is 
shown in Figure 13. One important feature of this structure is the short 
O (3.10A) Lu-Lu intraplanar bonds, resulting in a zig-zag chain of Lu atoms 
lying in the xz-plane which is different from the MT^B^ compounds and 
Chevrel phases wherein the rare-earth atoms are very isolated from each 
O 
other. The distinct long Ru-Ru distances (3.03A) may be the result of a 
much lower transition metal concentration than in other ternary borides, 
so that no transition metal cluster exists in LuRuBg structure. With 
equal boron and metal atom concentrations, this structure has a metal host 
sublattice with boron pairs arranged between the planes of metal atoms and 
coupled to each other. 
D. Electronic Properties and Crystallographic Constants 
The low temperature superconducting and magnetic transition phase 
boundaries in this pseudoternary system have been determined by ac magnetic 
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Figure 13. Structure of LuRuB2, viewed approximately along the Y-axis. 
Lu-Lu bonds are shown in thick solid lines with both an intra-
planar (3.096Â) and an interplanar (3.339Â) bond length indi­
cated. Shortest Ru-Ru distances (3.026Â) are shown by broken 
lines. Boron pairs complete the structural features. (The 
X-axis is directed across the oage, the Y-axis into the paper 
and the Z-axis up the page.) 36 
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susceptibility measurement down to 1.1K. The ac magnetic susceptibility 
versus temperature for three selected samples is shown in Figure 14. The 
sample with rare earth concentration x = 0 shows a simple superconducting 
(•) transition while the sample with x = 0.47 exhibits the reentrant 
superconducting (A) behavior. In the data, the superconducting 
transition temperature T^ for simple superconducting or T^-j for a re­
entrant superconductor is defined by the temperature at the half height of 
the normal to superconducting state transition and T^g is the temperature 
at which the superconducting state is completely destroyed. Two small 
magnetically ordered peaks (•) appear at 10.OK and 5.3K defined as T^^, 
Tm2 respectively for ErRuBg. 
The low temperature phase diagram for this pseudoternary system is 
completed by ac magnetic susceptibility measurements and represented in , 
Figure 15. This critical temperatures versus rare earth concentration 
plot shows the sample LuRuBg with T^~9.9K having the highest superconduct­
ing transition temperature for any material with an orthorhombicstructure. 
With increasing erbium concentration, the depression of T^ is dT^/dx = 
10.5 K/at.fra. Er^* ion. The same rate was also observed from Tm^"*" ions 
in the (Tm, ^^u^jRuB. system.It should be noted that the behavior of 
both magnetic transitions as a function of concentration is identical; 
that is, we observe two parallel sets of magnetic transition from T^-j = 
10.OK and T^^g = 5.3K for ErRuBg with the decreasing rate dT^ydx = 10.OK/ 
at.fra. Lu^* ion. This is the first report of double magnetic transitions 
in a reentrant superconducting system. 
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Figure 14. ac magnetic susceptibility vs. temperature for three samples of the (Lui_xErx)RuB2 
system. 
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Figure 15. Low temperature phase diagram for the system (Lui.xErvjRuB? 
determined from ac magnetic susceptibility. Circles (•,Tni^ 
represent transitions into a magnetically ordered state while 
the squares with error bars ®sTcl) superconducting 
transition critical temperatures. Reentrant temperatures are 
symbolized by (AJc2)-
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The initial depression dT^/dn near LuRuBg caused by the magnetic Er^"*" 
ions of atomic concentration n can be used to estimate the exchange coup­
ling constant N(Ep)j^ from the Abrikosov-Gor'kov (AG) expression^^ 
(dTc/dn)n+0 = -^^^(EpV^Cgj - l)2j(j + l)/2kg (5.1) 
where N(Ep) is the density of states at the Fermi energy, J is the ex­
change coupling parameter between the conduction electrons and Er^* local 
moments, gj is the Lande g- factor for the total angular momentum J of the 
0_L 2 
Er ions and forms the de Gennes factor (gj - 1) J(J + 1), and kg is the 
Boltzmann constant. 
3+ If the atomic concentration n of Er ions is replaced by the frac-
tion of Er ions per formula unit, x, then Eq. (5.1) can be rewritten as 
n^^(Er) 2 2 
x-^0 2k^ (9j - 1) J(J +1) (5.2) 
In this system, using dT^/dx = 10.5 K/at. fra. Er^* ion, J = 15/2 and 
gj = 1.20 for Er^^ ion, a value of 2.876 x 10"^ ev-atom-states/spin direc-
tion for the coupling constant j N(Ep) is calculated. This value is about 
1.7 times larger than that obtained for the (Ho-j_^LUj^)Rh^B^^^ system and 
2.5 times smaller than that reported for (Tmi_j^Lu^)RuB2^^ psdueoternaries. 
In addition to the effect of the rare earth ion Er^* in the Lu^* 
3+ 
sublattice, the depression of T^ vs. Er ion concentration may be par­
tially due to a size effect. A plot of the superconducting transition 
temperature T^ vs. Y atom concentration in the (LUi_^Y^)RuB2 pseudoternary 
system is given in Figure 16 in which a depression of T^ with the rate 
dT^/dn = 2.4 K/at. fra. ion is evident. In this case, the difference 
of the metallic radius of Y (1.800A) and Lu (1.735A)^® is 0.065A and 
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Figure 16. Superconducting transition temperature Te vs. Y atom concen­
tration in the system (Lu-|_xYx)RuB2. 
0 
significant. Since the radius difference of Er (1.765A) and Lu in the 
(LUi_^Er^)RuB2 system is only one-third of the radius difference in the 
previous case, the estimated depression rate dT^/dn for the (Lu^^Er^jRuBg 
3+ 
system as a result of volume change is only 0.09 K/at. fra. Er ion which 
is within the accuracy of experiments and negligible. 
The smooth, linear behavior of the lattice parameters and unit cell 
volume is shown in Figure 17. This regular dependence of crystallographic 
parameters on rare earth concentration is similar to the behavior reported 
for other pseudoternary superconducting/magnetic system.®^The dis­
tinct and abrupt changes from simple superconductor to reentrant super­
conductivity to long range magnetic order are not reflected in these 
crystallographic quantities. 
E. Resistivity Measurements 
The resistivity as a function of temperature for the samples with 
composition x = 0.0, 0.35, 0.45 and 1.00 in this system is presented in 
Figure 18. These four selected samples are superconducting, reentrant and 
magnetic materials. Note that the compounds with higher T^'s exhibit a 
more pronounced negative curvature to the resistivity which has been ob­
served in high T^ A-15 compounds. On close inspection of these four rela­
tive resistivity curves, one notes that the lowest RRR occurs for the x = 
0.50 sample. This indicates the increased scattering of conduction electrons 
due to the disorder on the rare earth sublattice sites. RRR values in 
this system vary from roughly 6 to 14 over the concentration range x = 0.0 
to X = 0.45. The little bump in relative resistance for LuRuBg sample at 
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Figure 17. Orthorhombic lattice parameters and unit cell volumes for the 
system (Lui_xErx)RuB2 plotted versus rare earth concentration. 
Error bars represent the uncertainty in determining the lattice 
parameters from powder x-ray data. 
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Figure 18. Relative resistivities of samples in the orthorhombic pseudoternary system (Lui YErv)RuBo 
with X = 0.00, 0.35, 0.45 and 1.0. ^ 
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~130K is probably caused by a change in the electronics. It was not re­
producible. Examining the resistivity data for the magnetically ordered 
sample ErRuBg, one observes that the curvature disappears in this sample. 
A drop in resistance begins at = lOK, indicative of the decrease in 
the spin-disorder scattering occurring below the first magnetic ordering 
temperature. Any feature in the resistivity at is difficult to dis­
tinguish due to the small value of p at this low temperature. 
For isotropic materials, the specific resistivity can be obtained by 
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applying the van der Pauw method. Due to preferred orientation of 
grains which occurred in the synthesis, we use the method of Montgomery^^ 
to correct the results, assuming grain wall scattering is the only factor 
causing the anisotropy. From a sample in the shape of a rectangular 
parallel piped, a value of 866 yn-cm is calculated as the room temperature 
specific resistivity of LuRuBg. Therefore, the residual restivity, 
for this sample is 55 yfi-cm. The residual resistivities for five selected 
samples are listed in Table 2. 
In order to calculate the magnitude and behavior of the resistivity 
over the full temperature range, Wilson^^ assumed a Debye phonon dis­
tribution and a spherical higher conduction s band and a spherical lower 
d band. The phonons cause transitions between the bands. From his re­
sult, the resistivity resulting from s-d interband transitions is 
- _CI^_ rOD/T x^dx 
Psd - TTZTZ _ i)(T _ e"*) 
which is proportional to T for T ^ 8^/2 and T^ for 6^/40 <. T < 0^/5, 
Table 2. Summary of the experimental data for the superconducting samples of the (Lu-, Er jRuB? 
system 
c ^res (mJ/ _ atom eV-Xac Data Resistivity data dT 
Sample T^-jCK) T^glK) (kG/K) (yJî-cm) mole-K^) spin) 
LuRuBg 10.1^^.7 — 10.71^10.4 — 7.5 55 8.67 0.45 
(LUQ ggErp ic^RuBg 8.5^7.8 — 9.2^^.5 — 5.8 44 8.40 0.44 
(LUQ ggErQ ggiRuBg 6.3^5.3 — 7.0^.8 — 2.5 22 7.29 0.42 
(LUq gpEr^ 4Q)RUB2 5.9^.1 1.9 6.4^.2 -2 2.0 19 6.71 0.36 
(LUq ggErg ^gjRuBg 5.3^.8 3.8 5.6^5.0 3.9 0.9 16 3.64 0.19 
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where is defined as a minimum temperature below which these s-d 
transitions should exponentially disappear. The s-s intraband scattering 
contribution to the resistivity goes as 
Q = P fGo/T X 
ss 124.4 0 (gX _ _ g-X) 
5 
which becomes proportional to T for T ^ 8^/2 and T for T < Gg/S. 
If one takes the electron-electron scattering term into account, which is 
2 0*1 proportional to T , the total resistivity may be written as 
P = Près + Pee + ^sd + "ss 
= Ppgg + C^T + CgT^ at high temperature 
Près + CgT^ + at low temperature 
The resistivity data for LuRuBg along with the best fit curve are 
shown in Figure 19. The data are fitted to the empirical formula used by 
OP 
Woodard and Cody to model the resistance of NbySn: 
P = Près + + Age-^S/T (5.3) 
In this WC model, is the residual resistivity and A-j, Ag and Ag are 
fitting parameters. The second and third terms represent the high and low 
temperature limits of the occupation number of a particular phonon which 
assists in interband scattering according to Wilson's model of s-d scat­
tering. The coefficients obtained from this fitting for LuRuBg are 1.31 
yn-cm/K for A-j, 651 yn-cm for Ag and 136K for Ag. In the very low tem­
perature range (T < 40K), Eq. (5.3) with the calculated coefficients 
cannot satisfy the experimental data. 
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Figure 19. Raw data plus fit to p = près + AiT + the electrical resistivity of the sam­
ple LuRuBg. The solid line represents the fit to the data and the (x) points are the 
data. 
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QO 
Similar to Nb^Sn which exhibits high superconducting transition 
temperature and strong negative curvature in its resistivity, the re-
3 
sistivity of LuRuBg is found to obey a T law, indicative of strong s-d 
phonon scattering at low temperature. The fitting equation is given for 
very low temperature data (T^ to ~40K) by 
P = PRÈS + (5.4) 
with the fitting parameter A = 10.1 x 10" yn-cm/K and is shown in Figure 
20. The inset of this figure represents the plot of (p-p^gg) vs. T . 
These data points reveal a linear behavior and confirm Eq. (5.4) is a 
good fit for the low temperature resistivity of LuRuBg sample. 
For the reentrant superconductor (LUg ggErg ggjRuBg, similar good 
fits to the resistivity data are evident in Figures 21 and 22 with a re­
sidual resistivity = 22.0 yî2-cm, = 0.26 yO-cm/K, Ag = 174 yîî-cm, 
Ag = 191K and A = 15.7 yn-cm/K^. 
To summarize the resistivity data for the (Lu^^Er^jRuBg system, we 
find that the Woodard-Cody model for A-15 compounds, Eq. (5.3), adequately 
describes the resistivity data for all superconducting samples in this 
system over a temperature range of 300K to 40K with a standard deviation 
of fit of 2%. 
F. The Upper Critical Field ^nd Density of States N(Ep) 
The effects of an external magnetic field H on the reentrant super­
conductivity for a variety of compositions were studied. Typical traces 
using a temperature sweep in constant magnetic field are shown in Figure 
23 for the (LUq ggErg ^^)RuB2 sample. In this figure, the superconducting 
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gure 20. Tha electrical resistivity of LuRuB2 as a function of temperature between Tp to 45K fit 
to the equation p - Pres."*" AT3. The solid line indicates the fitting curve and (x) the 
^ {^ta. The inset showing the linear behavior of p-p^es vs. T3 confirms the 
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Figure 21. Fit to p = + A-|T + Aoe'^^/T for the sample (Lun ccErn ocjRuB?. The solid line 
represents the fit to the data symboled by (x). 
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Figure 22. The electrical resistivity of (Luo.ôSErQggjRuBg as a function of temperature between 
Tç and 45K with the fitting equation p = p^gs AT^. The solid line indicates the 
fitting curve and (x) the experimental data. The inset showing the linear behavior of 
P-Pres vs. T3 confirms the T3 dependence at low temperatures. 
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Figure 23. Resistivity vs. temperature curves for the sample (Lug ggErg ^gjRuBg in various applied 
magnetic fields between 0 and 7,5 kG. 
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State exists over a 4K wide region in zero field. By applying a higher 
external field, this superconducting region narrows as increases and 
T^1 decreases. This behavior of in an external field implies that the 
low temperature reentrant magnetic order is probably ferromagnetic-like. 
At a field between 1.6kG and 4.3 kG, the sample does not show a complete 
superconducting transition. At even higher fields, the resistive transi­
tion tends to broaden and the drop in resistivity becomes smaller. These 
phenomena are also seen for the (LUg ggEr^ ^^jRuBg sample in Figure 24. 
This sample composition lies closer to the critical composition x^^ = 
0.50. For this x = 0.45 sample, one observes a narrower superconducting 
region as well as a lower critical field required to destroy superconduc­
tivity and to completely suppress the drop in resistivity. 
The data in Figures 23 and 24 as well as analogous results for the 
superconducting samples with x = 0.00, 0.15, and 0.35 in the (Lu^ ^Er^jRuBg 
system yield the relations between the upper critical field and tem­
perature shown in Figure 25. The maximum applied field is approximately 
9 kG in these measurements, and is not sufficient to allow the observa­
tion of the complete curve for higher T^ samples, for example, the sam­
ples with X = 0.0 and 0.15. The dotted curve for the x = 0.35 sample in 
the field above 9 kG is the interpolation of curves from both sides of 
this temperature to the higher fields. One of the important features 
indicates that the reentrant behavior is evident for samples with higher 
3+ Er concentration. Results from these measurements coincide with those 
from Xgg measurements. Another observation from Figure 25 is the de­
pression of the initial slope of upper critical field with respect to 
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Figure 24. Resistivity vs. temperature curves for the sample (Lun sgErn AgïRuBg in various applied 
magnetic fields between 0 and 2.5 kG. 
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Figure 25. Upper critical magnetic field, Hr2, vs. temperature curves for 
five samples in the {Lui_xErx)Ru62 system. 
c? temperature at T^, 
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dH, 
-r as Er concentration increases. The linear Tc 
. dH,; 
measuring -gy-
relationship is shown in Figure 26. 
From the data obtained from upper critical field measurements, the 
electron-phonon enhanced density of states N*(Ep) can be determined by 
and the residual resistivity.The most reliable 
estimate for N*(Ep) is obtained in the "dirty limit" {z < Çq), where a is 
the electronic mean free path and Çg is the BCS coherence length. The BCS 
83 
relationship in the dirty limit is given by 
= 24eY%c(n3Eo%trTc)-l = 4.48 x (5.5) 
where is the transport scattering length, c is the velocity of light, 
e^ = 1.781, Çq is BCS coherence length and ti is Plank's constant. This 
equation is for dirty limit only as indicated byd. The second expression of 
dH 2 
this equation is valid with the units (-gY-)y in Oe/K, the normal state 
electronic specific heat coefficient y in erg cm" K" and p___ in n-cm. 
dH_2 
Measurements of J and Ppgg yield an experimental determination of 
the quantity y. Then the enhanced density of states at Fermi energy is 
83 
obtained by using the formula 
N*(Ep) = (27r^kg/ 3 ) " \  = 7.97 x 10^°y (5.6) 
3 3 2 
where N*(Ep) is in states/cm -erg-spin direction and y is in erg/cm -K . 
For clarity, a summary of the experimental and calculated parameters 
for the system (Lui_^Er^)RuB2 is given in Table 2. The transfer from 
- 3  0  9  
cm" to mole unit is based on Z = 4 and the unit cell volumes (~190A ) 
2 for samples in this system. The obtained values y = 8.67 mJ/mole-K and 
N*(Ep) = 0.46 states/atom-eV-spin direction for LuRuBg are smaller than 
(LU^vETW) RuB 
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Figure 26. Initial slope of Hc2 vs. T. The error bars indicate the uncertainty in determining the 
Y = 25.8 mJ/mole-K^ and N*(Ep) = 0.61 states/atom-eV-spin direction for 
LuRh^B^. The decrease of y and N*(Ep) as increasing Er concentration is 
evident in Table 2. The superconducting transition temperature T^-j and 
reentrant temperature T^g slightly higher as determined by resistivity 
measurements compared to the ac magnetic susceptibility data. 
We determine the bare density of state at Fermi energy, the electron-
phonon coupling constant y and exchange coupling parameter J, with addi­
tional information from specific heat measurements. 
G. Low Temperature Specific Heat 
The detailed heat capacity C vs. temperature T of LuRuBg between 
0.6K and 26K is shown in Figure 27. Heat capacity data were taken with 
increasing temperature in this temperature range. The four-gram sample 
used for this purpose has a normal to superconducting transition tempera­
ture at 8.7K which is lower than the T^ = 9.9K obtained for a small sample 
in XgQ measurements. At T^ = 8.9K, LuRuBg exhibits a specific heat jump 
where it undergoes a transition from the normal to the superconducting 
state. This result is in good agreement with the Xg^ data performed on 
the same sample. Shown in the inset of Figure 27 is a detailed plot of 
p 
C/T vs. T from 0.6K to 26K. A marked departure from simple Debye type 
behavior above T^ is apparent by inspecting this inset. 
Since LuRuBg cannot be characterized by a Debye type specific heat 
O 
of the form C = yT + 3T for the temperature above T^, an additional term 
aT^ will be added to the normal state heat capacity; therefore, the ex-
pression becomes C = yT + gT + aT . In this modified Debye model, the yT 
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Figure 27. Specific heat C vs. temperature T for LuRuBe- The inset shows C/T vs. T^ in the same 
temperature range. 
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O 
term is the electron contribution to the heat capacity while gT is the 
lattice contribution to the heat capacity and the aT^ term accounts for 
anharmonicity in the lattice. Then, the normal state entropy S is given by 
S = YT + 1/3 + 1/5 aT^. The plotting (C-S)/T^vs. T^ above T^ yields a 
linear function with y intercept 2/3 3 and slope 4/5 a. Shown in Figure 
28 is the least-squares fit of the data points to a function (C-S)/T^ = 
2/33 + 4/5aT^. It gives the values of 3 = 6.75 x 10"^ mJ/mole-K^ and a = 
1.77 X 10"^ mJ/mole-K®. Using the obtained a and g value, the normal 
q c 
state heat capacity fitted by the function C = yT + 3T + aT is shown in 
Figure 29 with the fitting coefficient y = 7.05 mJ/mole-K^. The calcu­
lated curve fits excellently to the data points in the temperature range 
T^ to 23K with a standard deviation of less than 2%. 
In order to calculate the enhanced density of state N*(Ep), a con-
84 
venient formula is expressed by 
N*(Ep) = 0.2121Y/N (5 .7)  
where the units of N*(Ep) are states/eV-atom-spin direction, the units of 
2 Y are mJ/mole-K and N is the number of atoms per formula unit. If the 
units of 3 are mJ/mole-K^, then the Debye temperature in Kelvin may be 
calculated from the lattice contribution to C derived from Debye model: 
with being Avogadro's number. At temperature T 1 becomes 
Ce = 234N^k3(i)3 = 6T3 
If one compares both sides of this equation, it yields a convenient rela­
tion between and g: 
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Figure 28. A plot of (C-S)/T^ vs. for LuRuB2. The (x) are the data points while the solid line 
is the least square fit to the function (C-S)/T3 = 2/3 B + 4/5 OT?. 
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Figure 29. The normal state heat capacity C of the sample LuRuB2 as a function of temperature between 
the temperature above T^ to 23K with the fitting equation C = yT + 6T^ + aT^ (fixed con­
stants B = 6.75 X 10~2 mJ/mole-K^ and a = 1.77 x 10"^ mO/mole-K^). The solid line repre­
sents the fit to the data. 
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1 
0p = (1.946 X 10®N/e)^ (5.8) 
Thus, N*(Ep) = 0.37 states/eV-atom-spin direction and = 487K are found 
by using Eqs. (5.7) and (5.8). If one defines AC as the jump between the 
extrapolations of heat capacity in both normal and superconducting states 
at Tg, the ratio AC/yT^ = 1.09 is the experimental result, which is 
smaller than the predicted BCS value^ of 1.43. 
The strength of electron-phonon interaction x for LuRuBg may be de­
rived theoretically by using McMillan's equation^® 
" TM X (5.9) 
where y* is the Coulomb pseudopotential and taken to be 0.1, then X  is 
calculated to be 0.59. Finally, the bare density of state Ny(Ep) is 
given by 
N*(Ep) = N^(Ep)(l + X )  (5.10) 
with N*(Ep) = 0.37 states/eV-atom-spin direction obtained from Eq. (5.7). 
A value of N^(Ep) = 0.24 states/eV-atom-spin direction is calculated for 
LuRuBg. Comparing this value to 0.35 states/eV-atom-spin direction for 
LuRh^B^(T^ = 11.5K) and YRh^Bg(T^ = 10.8K),®^'®^ one notes that N^(Ep) for 
LuRuBg is smaller than that of these superconducting borides. Meanwhile, 
using the M^^Ep) value along with N|^(Ep)j^ = 2.876 x 10"^ eV-atom-states/ 
spin direction in section D, the estimated strength of pair breaking 
p 
interaction J  is obtained as 3.50 x 10" eV-atom, which is larger than the 
value 2.2 x 10"^ eV-atom for (LUi_^Ho^)Rh^B^^^ system. 
The energy gap at T = 0, A(0), can be deduced from the superconduct­
ing state heat capacity data C^ in the temperature range below T^. Assume 
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that Cgg is the electronic and the lattice contribution to the spe­
cific heat in the superconducting state. Then.C^g is obtained from 
= Cg - C%g. In the modified Debye model described previously, the lattice 
part of heat capacity C^^g is in the form C^g = + aT^ while the elec­
tronic part near the superconducting transition can be expressed as 
C e s  =  « 1 [ - < 5 . 1 1 )  
where kg is Boltzmann constant. A least square fit of vs. temperature 
T is shown in Figure 30. The fitting parameters are = 592 mJ/mole-K 
and A(0)/kg = 13.4K in the temperature range 4.5K ^ 7.9K. The linear 
tendency of plotted in log-scale vs. 1/T is shown in the inset of 
Figure 30 and confirms the exponential relation of Cg^. Thus, the energy 
gap A(0) is found to be 1.16 x 10" eV and therefore yields the quantity 
2A(0)kgT^ = 3.02 which is smaller than the BCS prediction of 3.52. Table 
3 provides a convenient summary these heat capacity data and analysis. 
Extrapolation of the curve fitted to the normal state data, C = 
YT + pT^ + aT^, to T = O allows calculation of the total entropy from T = 
OK to T = lOK. This value is in good agreement with the experimentally 
determined entropy and provides an independent check on our fitting pro­
cedure. 
H. Discussion and Conclusion 
The occurrence of reentrant superconductivity induced by the onset 
of magnetic order as displayed in a concentration region 0.35 ^x ^0.50 
provides a good chance for studying the coexistence problem. Some ferro-
magnetic-1ike order has been suggested by the resistivity measurements at 
LuRuB 
100 
I 80 
lOOOr 
500: 
w 
o 
E LuRuB 
E 60 
100 = 
50: in 0) O 
40 
.16 .20 24 
1/T (1/K) 
20 
4.5 5.0 5.5 6.5 7.0 75 8.0 6.0 
TEMPERATURE (K) 
Figure 30. Electronic contribution to the superconducting state heat capacity Cgg vs. temperature 
T for LURUB2. The solid line is a least square fit of the data for 4.5K < T < 7.9K with 
the function Ces = Aiexp(-A2/T). Shown in the inset is the plot of Cgs on a log scale 
vs. 1/T in which a straight solid line was drawn through the data points. 
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Table 3. Superconducting and normal state properties of LuRuBg 
Parameter Units 
Heat capacity 
data 
BCS pre- Critical field 
diction results 
Tc K 8.9 
AC mJ/mole-K 68 
Y 
3 
mJ/mole-K^ 
mJ/mole-K^ 
7.05 
6.75 X IQ-Z 
8.67 
a mJ/mole-K^ 1.77 X 10-4 
K 487 
N*(Ep) states/eV-atom-
spin direction 
0.37 0.46 
X 0.59 
w states/eV-atom-spin direction 
0.24 
AC/yT; 1.09 1.43 
2A(0) / l<gT^ 3.02 3.53 
J  eV-atom 3.5 X 10"^ 
low temperature for reentrant samples under various magnetic fields. 
The evidence of reentrant phenomenon is clear in either ac magnetic 
susceptibility measurements or upper critical field determination. If 
one neglects the second set of magnetic transitions, the low temperature 
phase diagram for the (Lui_^Er^)RuB2 system exhibits the normal state, 
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reentrant superconductivity behavior analogous to the other reentrant 
systems. 
The discovery of two sets of magnetic transitions for the Er-rich 
compounds is anomalous and especially interesting. To determine the de­
tailed nature of the two magnetic structures, neutron scattering measure­
ments will be required. 
p 
Low temperature and high temperature resistivity data showed no T or 
T^ dependence, which would correspond to electron-electron or s-s intra-
band scattering. The evidence we find in the normal state resistivity 
for strong electron-phonon coupling, which is also observed in A-15 com­
pounds, could have important implications for understanding the high T^ 
of orthorhombic LuRuBg. 
We obtain different values of y and N{Ep) from the analysis of heat 
capacity data and critical field measurements (see Table 3). This 20% 
discrepancy can be attributed to the uncertainty in measuring the room 
temperature resistivity which is an important quantity in determining 
Près in Eq. (5.5). Therefore, the values of y and N(Ep) obtained via low 
temperature heat capacity measurements should be considered more 
accurate. 
An anharmonic term was added to the normal state specific heat data 
when a modified Debye model was applied. This term is important for 
2 fitting due to the curvature in the C/T vs. T graph in the inset of 
Figure 27. The moderate density of states (0.24 states/eV-atom-spin 
direction obtained from heat capacity data), high Debye temperature 
(487K) and electron phonon coupling constant X = 0.59 are the character­
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istics of the superconducting compound LuRuBg. The critical field meas­
urements show the linearly decreasing tendency of N*(Ep) as Er^* concen­
tration increases for the superconducting materials. This decrease in 
N*(Ep) is related to the linear decrease in the superconducting transi­
tion temperature. Fewer conduction electrons at the Fermi surface lead 
to a lower temperature for the formation of Cooper pairs. From results of 
resistivity, upper critical field and heat capacity measurements plus the 
theoretical interpretation, one concludes that LuRuBg may be accurately 
described as a BCS superconductor. 
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VI. MICROHARDNESS AND MICROSTRUCTURE ON 
SOME OTHER TERNARY BORIDES 
The microhardness of a material was found to be related semiquanita-
tively to its Debye temperature in Chapter IV. In this chapter, we pre­
sent results from microhardness and microstructure experiments on the 
rare earth transition metal borides for samples having 1:4:4 atomic 
ratios with primitive and body-centered tetragonal structures, 1:3:2 
atomic ratios with a hexagonal structure, 1:1:4 atomic ratios with an 
op pq 
orthorhombic structure ' and 1:1:2 atomic ratios with an orthorhombic 
structure. 
Table 4 provides a comparison of these rare earth transition metal 
borides with data on heat treatments of the samples, their superconducting 
transition temperatures, boron atomic percentages and microhardness. The 
ternary phase diagram with microhardness given in the DPH scale marked 
below the chemical formula is shown in Figure 31. Upon close inspection 
of Table 4 and Figure 31, one notes that the microhardness of a Lu ternary 
boride is almost always higher than that of a Y ternary boride within the 
same structure. The only exception to this is the orthorhombic YRuBg, 
which possesses the highest microhardness among the materials tested. 
In metal rich binary borides and indeed compounds up to approximate­
ly x = 2 in MB^, the structure can be described in terms of a continuous 
metal network where boron atoms are found in openings between the metal 
atoms. In higher binary borides there is, of course, a continuous three 
dimensional network of boron atoms. This statement is also applicable to 
ternary borides. For samples with 33 at% boron (YRu^Bg and LuRUgBg), the 
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Table 4. Comparison of microhardness and superconducting transition 
temperature for some rare earth transition metal borides 
Sample Space group Heat treatment Tc(K) at% B 
Microhardness 
(in DPH scale) 
YRUgBg P6/mmm Arc melting r
o
 
ro
 
33 390 
LuRUgBg P6/mmm Arc melting *22 33 990 
YRh^B^ P42/nmc Arc melting 11.3? 44 1130 
YRu^B^ 14-1/acd Arc melting 1.4 44 1050 
LURU4B4 14^/acd Arc melting 1.7^4 44 1390 
YRuBg Pnma Arc melting 
& annealing 
7.5 50 1710 
LuRuBg Pnma Arc melting 
& annealing 
9.9 50 1210 
YRuB^ Pbam Arc melting 
& annealing 
* 67 1500 
* = no transition observed above 1.2K 
boron-boron distances (3.03-3.16Â) are longer than metal-boron bond 
o 22 (2.19A for Ru-B) while the boron pairs appear in the structure of the 
higher boron content materials (44 at% boron in YRh^B^, YRu^B^ and 
LuRu^B^, 50 at % boron in YRuBg and LuRuBg). For the sample with the 
highest boron content of 67 at% boron (YRuB^), it has been shown that 
the B-B interaction within the planar B nets is one of the stabilizing 
factors.The lack of such a boron framework and larger boron-boron 
interatomic distances in the 1:3:2 structure, for example, may be related 
to the lower microhardness of these systems. A remarkably strong corre­
lation between the occurrence of superconductivity and the existence of 
Ru, Rh 
LURU3B2 \ 
(990) LuRu^ Bj, 
YRu^Bo (1390) 
(930) YRu^Bq^, YRh^B^ 
(1050) (1130) 
Y, Lu 
Figure 31. Ternary phase diagram of some rare earth transition metal borides with their micro-
hardness. 
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boron dimers is evident in Table 4. Only those structures with paired 
boron atoms become superconductors. 
Metallographic examination of these borides was performed in an 
optical microscope with polarized light after mechanically and electri­
cally polishing the surface. Polarized light is particularly useful in 
metallography for revealing grain structure due to the optical anisotropy 
of some metals. The microstructures for seven distinct samples are shown 
in Figures 32 and 33. For any granular, space filling structure, re­
gardless of grain shape, size or position, there is a quantitative length 
parameter of great generality that gives a unique, assumption-free value 
in the diameter of grains. This "diameter" is the mean intercept 
measurements on the polished plane. The mean intercept length is defined 
as90 
^3  =  (G 'T )  
where is the number of alternate grain per unit length of random test 
lines, Lj is the total test-line length, M is the magnification and P is 
the number of grain boundary intersections (P equals the number of ob­
jects for space filling grains). By using Eq. (6.1) and Figure 32, the 
average grain sizes of samples are 0.143 mm for YRu^B^, 0.368 mm for 
LuRu^B^, 0.176 mm for YRUgBg and 0.109 mm for LuRu^Bg. From Figure 33, 
we observe that the YRuB^ sample contains at least two different phases; 
whereas, YRuBg and LuRuBg can be described as oriented systems in which 
the 1:1:2 phase has crystallites with many different orientations, all 
observable in the same microstructure metallograph. 
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(c) (d) 
Microstructures of rare earth transition metal borides (100 
magnification): (a) YRu^B^; (b) LuRu^B^; (c) YRUgBg: (d) 
(a) (b) (c) 
Figure 33. Microstructures of rare earth transition metal borides (100 magnification): (a) 
YRuB^; (b) YRuBg; (c) LuRuBg / v y 
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In summary, the influence of boron content and sublattice configura­
tion on microhardness and superconductivity is important. It may be sug­
gested that boron plays a main role in the redistribution of conduction 
electrons of the transition metals thus influencing the superconducting 
properties. Strong B-B bonding resulting in the high microhardness values 
is evident in our measurements. 
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VII. SUMMARY AND CONCLUSIONS 
Several known rare earth transition metal borides have been found to 
exhibit very interesting low temperature properties, high superconducting 
transition temperature and reentrant superconductivity as examples. The 
superconductivity, magnetism and structural study of three different 
pseudoternary systems ErfRh^^RUxj^B^, and (LUi^Er^jRuBg 
are reported in this research work. Through systematic studies on these 
systems, the investigation provides additional knowledge on the occurrence 
of superconductivity and the competition between superconductivity and 
long range magnetic order in spatially homogeneous systems. 
In Chapter III, an abrupt suppression in T^ after a superconducting 
transition temperature plateau occurs at x s 0.50 in the body-centered 
tetragonal Er(Rhi_j^Ru^)4B^ system. This observation indicates that the 
superconductivity dominates in the Rh-rich samples while magnetic 
order is favored for the Ru-rich compounds with the magnetic rare earth 
ions Er in their own sublattice. By changing the composition x in this 
system, the strengths of the superconducting and magnetic interaction can 
be both varied over a very wide concentration range without disturbing 
the integrity of this Er sublattice. This study also implies the impor­
tance of transition metal cluster zig-zag chains and boron pair dimers to 
the low temperature superconducting properties. 
The nonmagnetic isostructural system Y(Rhi_xRUx)^B^ with low tempera­
ture properties similar to Er-system was used to study the anomalous be­
havior of Tg on a microscopic scale in Chapter IV. Systematic interatomic 
distances obtained from single crystal x-ray diffraction indicate that the 
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changing of the size of the transition metal cluster and the bonding be­
tween the clusters due to varying the Ru concentration may be related to the 
occurrence of high superconductivity over a limited transition metal 
concentration range. No direct support has been found from the single 
crystal interatomic distances for the possibility of charge transfer sug­
gested by other workers.®® Auger spectrography work is suggested in 
order to probe the local boron electronic density of states. Maximum 
microhardness observed for a x = 0.50 sample with c/a = 2 indicates the 
highest Debye temperature and degree of disorder scattering for this 
sample. 
Reentrant superconductivity has been found in the high ortho-
rhombic (Lu^ ^Er^jRuBg system and studied in Chapter V. Short RE-RE 
distances forming zig-zag chains and long transition metal interatomic 
distances which are quite different from the structural character­
istics of the other classes of superconducting ternary boride systems 
make this system unique. The competition between superconductivity in 
LuRuBg with = lOK and magnetic order in ErRuBg with two magnetic transi­
tion temperatures lOK and 5.3K is carried out over the rare earth concen­
tration range, 0 _< x _< 1. Reentrant superconductivity is evident by 
means of the upper critical field measurements. A ferromagnetic-like 
order is assumed for destroying the superconductivity of the reentrant 
superconductors in the composition range 0.35 £ x £ 0.50. Neutron scat­
tering experiments will determine the type of magnetic order as well as 
the nature of the double magnetic transitions for the Er-rich samples. 
Resistivity data indicate the highest degree of disorder at x s 0.50 
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similar to RE(Rh^_^Ru^)4B^ (RE = Y or Er) systems and no electron-electron 
or s-s intraband scattering. 
From low temperature heat capacity measurement on LuRuBg, the 
strength of the exchange interaction in (Lu^^Er^jRuBg is found to be 
0.035 eV-atom which is higher than the 0.02 eV-atom for RERh^B^ compounds. 
This fact may be related to the shorter Lu-Lu distances. Additional data 
were also obtained from this measurement yielding a higher Debye tempera­
ture (487K) and moderate density of states for this system. Modified 
Debye model and BCS theory provide an excellent description of this 
system. 
The comparison of microhardness and other physical quantities on 
some rare earth transition metal ternary borides provides a conclusion in 
which the higher microhardness is found to be related to the stronger B-B 
bonding. By inspecting the relation of boron bonding and superconductivi­
ty, the presence of boron pairs seems to be the key to the superconducting 
ternary borides. For materials with too strong or too weak boron bonding, 
superconductivity is not the favored low temperature phase. 
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X. APPENDIX: SOURCES AND PURITIES OF STARTING MATERIALS 
Element Source Purity 
Ru 
Rh 
Er 
United Mineral & 
Chemical Corp. 
Ventron Alfa 
Products 
Ventron Alfa 
Products 
Ames Laboratory 
Ames Laboratory 
Lu Ames Laboratory 
99.999%, rod broken into chips for 
arc melting process (purity in at% 
with respect to metallic impuri­
ties) 
99.9%, arc melted from -80 mesh 
powder (purity in at% with respect 
to metallic impurities) 
99.9%, arc melted from -60 mesh 
powder (purity in at% with respect 
to metallic impurities) 
batch #71177-1A and/or 71177, ingot 
major impurities: Ta 42 ppm 
Fe 6 ppm 
Cu 3.6 ppm 
CI 3 ppm 
A1 3 ppm 
Ni 2.3 ppm 
W <3 ppm 
The rest impurities are all less 
than 2 ppm. 
batch #2276, ingot 
major impurities: Fe 
CI 
W 
Cu 
Ce 
Gd 
46 ppm 
9 ppm 
7 ppm 
6.4 ppm 
4 ppm 
4 ppm 
The rest impurities are all less 
than 4 ppm. 
batch #51777 
major impurities: W 31 ppm 
Cu 20 ppm 
Ni 10 ppm 
Fe 6.1 ppm 
The rest impurities are all less 
than 4 ppm. 
batch #71879 
major impurities: Fe 55 ppm 
A1 20 ppm 
Cu 17 ppm 
Ni 10 ppm 
Gd 9.2 ppm 
Si 8 ppm 
Nd 4.0 ppm 
The rest impurities are all less 
than 4 ppm. 
